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ABSTRACT Heterotrimeric G-proteins interact with membranes. They accumulate around membrane receptors and propagate
messages to effectors localized in different cellular compartments. G-protein-lipid interactions regulate G-protein cellular
localization and activity. Althoughwe recently found that theGbg dimer drives the interaction of G-proteins with nonlamellar-prone
membranes, little is known about the molecular basis of this interaction. Here, we investigated the interaction of the C-terminus of
theGg2 protein (Pg-FN)withmodelmembranes and those of its peptide (Pg) and farnesyl (FN)moieties alone. X-ray diffraction and
differential scanning calorimetry demonstrated that Pg-FN, segregated into Pg-FN-poor and -rich domains in phosphatidyleth-
anolamine (PE) and phosphatidylserine (PS) membranes. In PE membranes, FN increased the nonlamellar phase propensity.
Fourier transform infrared spectroscopy experiments showed that Pg andPg-FN interact with the polar and interfacial regions of PE
and PS bilayers. The binding of Pg-FN to model membranes is due to the FN group and positively charged amino acids near this
lipid. On the other hand, membrane lipids partially altered Pg-FN structure, in turn increasing the ﬂuidity of PSmembranes. These
data highlight the relevance of the interaction of the C-terminal region of the Gg protein with the cell membrane and its effect on
membrane structure.
INTRODUCTION
G-protein-coupled receptors (GPCRs) constitute the largest
gene family known in humans. These receptors are involved
in many relevant cellular and physiological processes (e.g.,
the control of blood pressure, cellular proliferation, and body
weight), and the messages they receive are propagated and
ampliﬁed through G-proteins. In this signal-transduction
process, G-proteins shuttle from the cytosol to the membrane
and vice versa assisted by co/posttranslational lipid modiﬁ-
cations, such as a farnesyl (FN) moiety in the C-terminal
region of the Gg subunit (1,2). Lipidmodiﬁcations might also
be involved in i), the recruitment of heterotrimeric (Gabg)
proteins to GPCR-rich regions, and ii), the segregation of the
Ga subunit from the Gbg complex and their localization to
different membrane regions upon receptor activation by
agonists. For this reason, it is not possible to fully understand
G-protein function without a comprehensive knowledge of
their interaction with membrane lipids.
The cytosolic monolayer of the plasma membrane is
formed mainly by phosphatidylethanolamine (PE) and phos-
phatidylserine (PS). We have studied the interaction of the
C-terminal region of the Gg2 protein subunit with model
membranes formed of these lipids. The prenyl moiety of the
g-subunit seems to be relevant in both protein-protein and
lipid-lipid interactions (2–13). Nevertheless, its role in the
interaction between G-proteins and membranes and its in-
ﬂuence on membrane structure remain unclear (9,14,15). It
has been suggested that the hydrophobic isoprenyl group
attached to the g-subunit of the Gbg complex could affect the
membrane docking of G-proteins (10,11). On the other hand,
G-protein-membrane interaction is also regulated by the
physical properties of the lipid bilayer (16).
We have already shown that heterotrimeric Gabg pro-
teins and Gbg dimers bind more readily to nonlamellar (HII)
prone membrane regions than to lamellar-prone bilayers
(9,17). Moreover, the Gbg dimer drives the interaction of
heterotrimeric Gi proteins with membranes containing high
levels of PE (i.e., with a high nonlamellar phase propensity),
such as the inner leaﬂet of the cell membrane (9). Since
the Gb subunit does not appear to be relevant in this inter-
action (10), the Gg subunit could account for the binding of
G-proteins to membrane domains with high HII phase pro-
pensity. In addition, the Gbg dimer binds strongly to
membranes formed by PS lipids (18–20). Besides the lipid
modiﬁcation (e.g., FN) found in G-protein g-subunits, its
C-terminal also contains cationic amino acids that might
participate in electrostatic interactions between G-proteins
and PS membrane (20).
We therefore investigated the interaction of the C-terminal
region of Gg2 protein with model membranes composed of
the major phospholipids (PE and PS) found at the inner leaﬂet
of the plasma membrane to study its role in the interaction
between G-proteins and lipid bilayers. For this purpose, we
used both the farnesylated (Pg-FN) and nonfarnesylated (Pg)
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peptides from the C-terminal amino acid region of the bovine
Gg2 subunit (Swiss-Prot: P63212) as well as the isolated non-
peptide FN moiety. The results presented here in part explain
the molecular bases underlying the interaction of G-proteins
with membranes, which to date were largely unknown and the
cooperative binding of G-proteins to membranes necessary to
amplify GPCR signals.
MATERIALS AND METHODS
Materials
1,2-dielaidoyl-sn-glycero-3-phosphoethanolamine (DEPE), 1,2-dimyristoyl-
sn-glycero-3-phosphate sodium salt (DMPA), and 1,2-dimyristoyl-sn-glycero-
3-phosphatidylserine (DMPS) were purchased from Avanti Polar Lipids
(Alabaster, AL). They were stored under argon at 80C. 1-(4-Trimethyl-
ammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH)
and 1-hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-phosphoethanolamine
(HPE) were obtained from Molecular Probes (Eugene, OR). Hepes and D2O
were obtained from Sigma Chemical (Poole, Dorset, UK).
Peptide synthesis and characterization
Two peptides were synthesized at the University of Barcelona (Barcelona,
Spain). One corresponded to the nonfarnesylated C-terminal region (amino
acid sequence 48–70) of the bovine Gg2 subunit (Swiss-Prot: P63212):
PLLTPVPASENPFREKKFFCAIL-amide (Pg). It was synthesized as a
carboxy-terminal amide on an automatic peptide synthesizer (Abi 430A,
Applied Biosystems, Foster City, CA). The second (farnesylated) peptide
contained the same amino acid sequence, but it was prepared with an all-
trans-FN group linked to the cysteine residue through a thioether linkage:
PLLTPVPASENPFREKKFFC[FN]AIL-amide (Pg-FN). The farnesylation
method was essentially that described previously (21). Both peptides were
puriﬁed to 95% purity by reverse-phase high performance liquid chroma-
tography and further analyzed by amino acid analysis matrix-assisted laser
desorption ionization-time of ﬂight mass spectrometry. Residual triﬂuoro-
acetic acid from peptide puriﬁcation was removed by three lyophilization-
solubilization cycles in 10 mMHCl to avoid interference in the characterization
of the amide I9 band in Fourier transform infrared (FTIR) spectroscopy studies
(22). Due to the different water solubility of the peptides, stock solutions of
Pg-FN and Pg were prepared in chloroform/methanol and Hepes buffer,
respectively, and were stored at 80C until use.
Model membranes and sample preparation
For x-ray diffraction experiments, multilamellar lipid vesicles (MLV)
containing 15% (w/w) lipids in aqueous solution were prepared in 10 mM
Hepes, 100 mM NaCl, 1 mM EDTA, pH 7.4 (Hepes buffer) according to
established procedures (23). Lipid powder was hydrated in the presence or
absence of Pg-FN or Pg at the desired molar ratio, and the mixture was
thoroughly homogenized with a pestle-typeminihomogenizer (Sigma Chem-
ical) and by vortexing. The suspensions were then submitted to ﬁve tem-
perature cycles (heating to 70C and cooling to 4C) and equilibrated before
data acquisition.
For differential scanning calorimetry (DSC) and ﬂuorescence spectros-
copy experiments, MLV were prepared from the membranes using a similar
protocol. The lipids were dissolved in chloroform/methanol (2:1, v/v), and
the solvent was evaporated under argon and vacuum dried to obtain a lipid
ﬁlm. The ﬁlm was hydrated by addition of Hepes buffer to a ﬁnal concen-
tration of 15% (w/w), and the mixtures were submitted to ﬁve temperature
cycles (60C and 4C) to ensure complete homogenization. For ﬂuorescence
spectroscopy experiments, lipids and TMA-DPH (lipid/probe, 200:1, mol/
mol), were dissolved together in chloroform/methanol (2:1, v/v). The ﬁlm
obtained was hydrated to a ﬁnal lipid concentration of 25–30 mM. Small
unilamellar vesicles (SUV) only were used for ﬂuorescence experiments.
They were prepared from MLV by sonication in an ice water bath with a
Branson 250 sonicator (Branson, Danbury, CT) equipped with a microtip
until the solution became clear.
For infrared amide I9 band recordings from peptide samples, aliquots of
Pg-FN stock solution (;225 mg) were evaporated under argon and vacuum
dried. The peptide powder was resuspended in D2O-Hepes buffer (pH 7.4) to
avoid interference of the H2O infrared absorbance (1645 cm
1). Alterna-
tively, aliquots of Pg in Hepes buffer were dried in a speed-vac Savant rotary
evaporator (Farmingdale, NY) and resuspended in D2O to obtain a D2O
buffer with identical saline composition as in H2O. For FTIR studies, lipid
vesicles were prepared as described above except that the lipid ﬁlm was
hydrated by adding D2O-Hepes buffer (pH 7.4). Peptide samples recon-
stituted into lipid vesicles were prepared by two different procedures de-
pending on the water solubility of the peptide used. First, aliquots of Pg-FN
and lipids solutions were mixed to obtain the desired lipid/peptide molar
ratio. The solvent was evaporated under argon and vacuum dried. These
powdered lipid/peptide mixtures were then hydrated by adding D2O-Hepes
buffer (pH 7.4). Second, aliquots of Pg samples were added directly to the
lipid dispersion prepared in Hepes buffer at the ﬁnal lipid/peptide molar
ratio. The mixtures were lyophilized and then resuspended in D2O. In both
procedures, lipid/peptide samples were heated to 60C, submitted to vortex
shaking, and cooled down to 4C. This cycle was repeated ﬁve times to
obtain a homogeneous dispersion. For infrared phosphate stretching band
recordings, lipid vesicles were prepared in the presence or absence of peptide
as described above, except that they were hydrated in Hepes buffer (pH 7.4).
X-ray diffraction analysis
Small and wide-angle synchrotron radiation x-ray scattering (SAXS and
WAXS) data were collected simultaneously, using standard procedures on
the Soft Condensed Matter beamline A2 of HASYLAB of the Deutsches
Elektronen Synchrotron (DESY). Samples were heated from 27C to 75C
and then cooled down to 27C at a scan rate of 1C/min. For the mea-
surement of the samples in quasiequilibrium conditions, the lipid mixtures
were allowed to equilibrate for 15 min at each temperature before taking
measurements. The data collection conditions were the same as those de-
scribed previously (23).
Differential scanning calorimetry
Experiments were carried out on a high-resolution differential scanning
microcalorimeter (MC-2; Microcal, Studio City, CA). MLV obtained from
DEPE and DMPS (2 mM in lipid phosphorus) in the absence or presence of
the Pg-FN or Pg peptide or FN were heated at a scan rate of 1C/min.
Transition temperatures and enthalpies were calculated by ﬁtting the
transitions to a single Van’t Hoff component. The deconvolution analysis
of the calorimetric peaks was performed using the software provided by the
manufacturer. The lipid phase transition temperatures (Tm and TH) cor-
responded to the maximum excess heat capacity.
FTIR spectroscopy
Sample measurements were performed in a liquid demountable cell
(Harrick, Ossining, NY) equipped with CaF2 windows and 50-mm-thick
Mylar spacers. These were maintained at 20C for 30 min to ensure the
temperature equilibration of the sample. FTIR analysis was carried out on
Bruker (Billerica, MA) IFS 66/S and Nicolet (Madison, WI) 520 instruments
equipped with deuterated tryglycine sulfate detectors. The sample chamber
was constantly purged with dry air. A minimum of 75 scans per spectra was
taken, averaged, apodized with a Happ-Genzel function, and Fourier
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transformed to give a nominal resolution of 2 cm1. Self-deconvolution was
performed using a Lorenztian bandwidth of 12 cm1 and a resolution
enhancement factor of 1.8. The temperature scan was from 25C to 60C for
DMPS and DMPA and from 30C to 75C for DEPE, measured in steps of
2C. Afterward, the samples were cooled and equilibrated at 20C to check
the reversibility of the transitions.
Peptide-membrane interactions were studied using MLV in D2O-Hepes
buffer (45 mM in lipid phosphorus) at lipid/peptide ratios of 20:1, 10:1, and
5:1. The membrane-bound peptide was separated from the free peptide by
centrifugation at 20,000 3 g for 20 min at 4C. The pellets were re-
suspended in 20 mL of D2O-Hepes buffer. The amide I9 band region of these
samples and that of the supernatants were further analyzed.
Fluorescence polarization spectroscopy
Experiments were carried out on a thermostated Perkin-Elmer MPF-66
ﬂuorescence spectrophotometer (Foster City, CA). SUV containing phos-
pholipids, peptide, and the ﬂuorophore TMA-DPH were excited at 360 nm,
and emission was registered at 427 nm, with bandwidths of 4 nm. Samples
were equilibrated for 5 min at each temperature before measurement. In our
experimental conditions, the inner ﬁlter effect became critical when sample
absorption was;0.1 (24). Therefore, lipid samples were diluted to a concen-
tration of;25 mM for DEPE and 50 mM for DMPS. Under these conditions,
the samples had absorptions of;0.095 for DEPE and 0.05 for DMPS at the
excitation wavelength used. Light scattering was always checked using
unlabeled liposomes. Fluorescence intensity from samples without ﬂuo-
rophore was ,1% for DMPS and ,30% for DEPE. In DEPE mixtures, the
contribution of scattered light from the excitation source to the measured
light at 427 nm was not negligible. Both the parameters of intensity and
polarization were affected by the scattered light. For this reason, the scat-
tered light intensity and polarization were determined by measuring un-
labeled control samples in the same conditions as labeled mixtures. We used
the corrections for the scattered light contribution (ﬂuorescence intensity and
polarization measurements) described elsewhere (25). Fluorescence polar-
ization was calculated according to the equation (26)
P ¼ ðIVV  GIVHÞ=ðIVV1GIVHÞ;
where Ivv and Ivh are the ﬂuorescence intensity values measured with the
excitation and emission polarizers in parallel and perpendicular, respec-
tively, andG is the instrumental factor. All ﬂuorescence polarization data are
mean values from three independent experiments.
RESULTS
Peptide structure and
peptide-membrane association
Pg-FN and Pg exhibited an amide I9 band (Fig. 1, A and D)
characteristic of b-sheet structures with maxima at 1625
(Pg-FN) or 1638 (Pg) cm
1 and a weak component at around
1688 cm1 (27). Amide I9 spectra of both peptides also dis-
played a random-coil component with a prominent shoulder
around 1645–1649 cm1 (28). These structures were stable in
the temperature range studied.
We used a centrifugation assay to qualitatively analyze the
membrane binding of both peptides under the conditions
used in FTIR experiments (Fig. 1, B, C, E, and F). We found
binding of Pg-FN to DEPE and DMPA membranes, as the
amide I9 band appeared exclusively in the membrane pellet
and not in the aqueous phase (supernatant). In addition, the
band at 1625 cm1 was more prominent in the presence of
DEPE and even more so in the presence of DMPA (Fig. 1, B
and C). Both properties could indicate an increase in the pro-
portion of Pg-FN that adopts a b-sheet structure as a result of
its association with DEPE or DMPA lipids. In principle, such
a b-structure could either be intramolecular or intermolec-
ular. Additional experiments using different peptide concen-
trations and different protein/lipid ratios result in different
1625:1645 absorbance ratios (data not shown), thus, support-
ing the idea that intermolecular structures might be formed as
a result of a concentration-dependant oligomerization process.
In the case of the Pg peptide and in the presence of DMPA
membranes, we only observed the amide I9 band in the mem-
brane pellet similarly to that found above for the Pg-FN
peptide. Conversely, the Pg peptide in DEPE membranes
shows amide I9 bands in both the membrane pellet and the
aqueous supernatant, indicating that there was only partial
association of the peptide with DEPE membranes. Addi-
tionally, the spectra of Pg in DEPE membranes showed two
main bands at ;1652 cm1 and 1633 cm1, which clearly
differed from the FTIR spectrum of Pg alone. This might
indicate that the association of the peptide with DEPE bi-
layers induces a partial loss of the b-sheet secondary
structure, adopting a-helical and/or random coil structures
(29).
FIGURE 1 FTIR amide I9 band region spectra of Pg-FN and Pg peptides.
(A and D) Pure peptides and (B, C, E, and F) pellets of DEPE- or DMPA-
peptide mixtures centrifugated and resuspended in Hepes buffer prepared
with D2O. The lipid/peptide molar ratio was 10:1 in all cases. The buffer
spectrum was subtracted from those of the samples containing the peptides.
The traces shown in each plot correspond to the spectra acquired at 20C
(——) and 55C (- - - -).
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DMPS has the asymmetric stretching carboxyl group band
of the serine moiety [vas(COO
)] around 1628–1640 cm1,
so that the amide I9 region shows certain overlap with this
band (30), making it very difﬁcult to characterize DMPS-
peptide interactions using this technique.
Structural inﬂuence of the peptides on the
supramolecular organization of DEPE
and DMPS membranes
DEPE and DMPS, widely used as models of biological
membranes, were chosen because they belong to the most
abundant lipid classes of the inner leaﬂet of the plasma mem-
brane. In this context, the melting temperatures for them
(30C–40C) and the lamellar-to-hexagonal (HII) phase
transition temperature of DEPE (60C–70C) are compati-
ble with all the techniques used, whereas other synthetic or
natural phosphatidyl-ethanolamine/serine have transition
temperatures that hamper the application of some of the ex-
perimental approaches used in this study.
X-ray diffraction analysis permitted the structural proper-
ties of DEPE- and DMPS-peptide mixtures to be character-
ized (Fig. 2). It is noteworthy that DEPE/Pg-FN mixtures
showed a complex x-ray diffraction pattern that was further
studied under quasiequilibrium conditions (Fig. 2, A, B, E).
The mesomorphic behavior of DEPE was similar to that de-
scribed previously (23,24). DEPE, DEPE/Pg-FN, and DEPE/
Pg mixtures showed a phase sequence from gel lamellar
phase (Lb) to liquid crystalline lamellar phase (La) and then
to HII as the temperature increased (Fig. 2 D). The tem-
perature range for the La-to-HII phase transition depended on
the peptide concentration, whereas the structural parameters
were scarcely affected (Table 1). Pg peptide stabilized the
coexistence of the La phase with the HII phase up to 71C
(d ;6.6 nm). In contrast, Pg-FN exerted a modest effect on
the lamellar phase.
FIGURE 2 Linear plots of the x-ray scatter-
ing patterns of DEPE/Pg-FN and DMPS/Pg-FN
mixtures. (A and B) DEPE/Pg-FN (20:1, mol/
mol) and (C) DMPS/Pg-FN (10:1, mol/mol)
samples. The sequence of the patterns were
acquired under (A) kinetic conditions with a
scan rate of 1C/min and (B and C) quasiequili-
brium conditions, after equilibrating the sample
during 15 min at each temperature. Successive
diffraction patterns were collected for 15 s each
minute. The Lb-to-La phase transition was
identiﬁed by the disappearance of the peak in
the WAXS region. (D) The dependence of
lattice spacing on the temperature for DEPE
alone and in the presence of Pg-FN or Pg at a
10:1 (DEPE/peptide) molar ratio. The phases
represented are Lb, La, and HII. The coexistence
of La and HII phases corresponds to the tem-
perature range deﬁned by the vertical lines. Only
the heating sequence from 27C to 75C is
shown here. (E) Diffraction pattern of DEPE/
Pg-FN sample at 63C. The arrows indicate the
diffractions’ peaks corresponding to the two
hexagonal phases with an epitaxial relationship.
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Two sets of diffraction peaks were obtained from DEPE
membranes in the presence of Pg-FN within the temperature
range of the HII phase (Fig. 2, A, B, E). In the ﬁrst, three
narrow peaks were assigned to an inverted hexagonal phase
(HaII) with lattice spacing d ¼ 6.5 nm at 72C. These peaks
represent an almost pure lipid phase (little peptide is present).
Their positions were affected by temperature corresponding to
a contraction on heating and reversible expansion on cooling.
The second set involved a series of two broad peaks assigned
to ﬁrst- and second-order reﬂections of a second inverted
hexagonal phase (HbII), with d ¼ 7.4 nm. These peaks were
associated with a peptide-rich phase, and they were hardly
affected by the temperature. In the cooling process, the non-
lamellar phases coexisted up to a temperature of 52C. During
this process, the larger hexagonal phase (HbII) remained basically
unchanged, whereas the smaller one (HaII) expanded almost
linearly until both merged. Simultaneously, it is observed that
the onset of the La phase (s¼ 1/d¼ 0.18 nm1) at 57C and a
strong decrease in the contribution from the smaller HaII phase,
with only reminiscent peaks (see Fig. 2 A). Cooling further, a
transition to a single Lb phase occurred at 35C. Interestingly,
these two hexagonal phases are epitaxially related by the planes
[200] of the larger structure and [110] of the smaller one
presenting the same interplanar distance (s ¼ 0.26 nm1 at
63C) (Fig. 2 E). Other possible symmetries, e.g., cubic, were
dismissed because the peak proﬁles were clearly divided into
two groups, each matching an HII phase structure. Indeed, when
compiled together, they did not ﬁt other common structures
formed by self-assembled lipid.
The thermotropic behavior of DMPS was characterized by
a sharp peak in the WAXS region that allowed the identiﬁ-
cation of the Lb phase at 25C, which vanished when the
temperature increased. In the presence of Pg-FN, DMPS
showed three broad diffraction peaks in the SAXS region (at
43C) that were not present in pure DMPS, indicating that the
presence of the farnesylated peptide induced some degree of
structural order in the lipid bilayer organization (Fig. 2 C).
Differential scanning calorimetry
The thermotropic behavior of DEPE- and DMPS-peptide or
FN mixtures was further studied by differential scanning
calorimetry (DSC) (Fig. 3). DEPE showed two phase tran-
sitions corresponding to the Lb-to-La phase transition (Tm ¼
37.1Cand enthalpy¼ 7.2 kcal/mol) and to theLa-to-HII phase
transition (TH¼ 65C and enthalpy¼ 0.6 kcal/mol) (Fig. 3, A
andB). The presence ofPg-FNdid not affect theTmand slightly
decreased the enthalpy associated with the Lb-to-La phase
transition. The main effect of Pg-FN on the thermotropic
behavior of DEPE was a concentration-dependent decrease in
the enthalpy and a broadening of the peak associated with the
La-to-HII transition and the TH valuewas virtually unaffected.
In contrast, FN alone induced the splitting of the Lb-to-La
phase transition into two peaks and decreased the TH value
and the cooperativity of the La-to-HII transition, as previously
reported (31). On the other hand, Pg increased the melting
temperature of both Lb-to-La and La-to-HII phase transitions.
Working with DMPS/Pg-FN mixtures, Pg-FN induced the
splitting of the DMPS calorimetric peak associated to Lb-to-
La phase transition into two separate peaks (Fig. 3 C). The
shift in the maximum excess heat capacity of the ﬁrst peak
and the relative area of the two peaks were dependent on the
concentration of Pg-FN (Fig. 3 D). The transition temper-
ature and cooperativity of the second peak was relatively
insensitive to peptide concentration and closely resembled the
DSC endotherm of DMPS alone (Tm ¼ 36.3C). Moreover,
the transition enthalpy decreased in a peptide concentration-
dependent manner. In turn, FN induced a progressive and
signiﬁcant reduction of the phase transition of DMPS with a
decrease in the cooperativity and the enthalpy.
Study of peptide-lipid interactions by FTIR
We studied the molecular basis of the interactions of Pg-FN,
Pg, and FN with zwitterionic and anionic phospholipids.
TABLE 1 Structural properties of DEPE membranes containing the C-terminal Gg peptide
Sample
Molar
ratio
dd/dT (*Lb)
(nm/C)
dd/dT (*La)
(nm/C)
dd/dT (*HII)
(nm/C) yDTLa/C
zdLb
(nm)
ydLa
(nm)
ydHII
(nm)
DEPE 1:0 0.012 0.013 0.023 (38)39–63(66) 6.59 5.55 6.40
DEPE/Pg 10:1 0.015 0.011 – 39–68(71) 6.73 5.64 6.65
DEPE/Pg-FN 40:1 0.010 0.009 0.019 (38)39–64(66) 6.59 5.57 6.52
DEPE/Pg-FN 20:1 0.002 0.007 0.021 (38)39–65(67) 6.62 5.54 6.56
– – 0.015§ 66§(67) – – 7.45§
DEPE/Pg-FN 10:1 0.004 0.009 0.024 40–67(69) 68 6.68 5.67 6.70
– – – (69)§ – – 7.57§
DEPE/FN 40:1 0.009 0.011 0.024 (36)38–54(61) 6.57 5.46 6.26
Pg-FN and Pg are the farnesylated and nonfarnesylated peptides, respectively. The angular coefﬁcient of the dependence of the lattice spacing on temperature
dd/dT , 0 indicates a compression process.
*The compressibility of the phase is linear in the single or two-phase regions.
yThe temperature range where the La phase is observed is shown, DTLa. The brackets indicate the temperature limit of the La phase in a two-phase region.
Values on the left corresponds to the Lb 1 La and on the right to the La 1 HII temperature range of phase coexistence. Lattice spacing,
zdLb at 30C, dLa at 40C, and dHII at 72C.
§Structural properties of the second nonlamellar HII phase (HII
y).
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Speciﬁcally, we analyzed the phosphate-, carbonyl-, and
methylene-stretching mode regions of the infrared spectra.
The ﬁrst was evaluated using DMPA membranes and the last
with DEPE and DMPS vesicles.
Membrane lipid polar region
The spectral characteristics of the phosphate spectral region of
DMPA in the presence and absence of Pg-FN or Pg were
similar in Lb (25C) and La (60C) (Fig. 4). Both peptides
affected the proﬁle of the phospholipid phosphate vibrations
in a concentration-dependent manner. The antisymmetric and
symmetric stretching modes of the PO2 groups appeared at
1180 and 1085 cm1, respectively. Pg-FN and Pg induced
shifts of these bands toward lower frequencies (;1170 and
1065 cm1, respectively). The antisymmetric and symmetric
stretching modes of the PO22 groups were also observed at
1100 and 985 cm1, respectively (32). Indeed, both peptides
FIGURE 3 DSC thermograms of DEPE- or DMPS-peptide mixtures. (A),
(B) DEPE, and (C) DMPS alone and in the presence of Pg-FN, Pg, or FN.
The molar ratio of the mixtures is indicated by each thermogram. DSC scans
were performed at a scan rate of 1C/min. (D) Deconvolution analysis of the
calorimetric peak: experimental data (––––) and individual components (- - -)
of DMPS/Pg-FN mixtures at the molar ratio speciﬁed.
FIGURE 4 FTIR spectra of the phosphate stretching mode region of
DMPA-peptide mixtures. DMPA alone (–––) and in the presence of (A) Pg-
FN or (B) Pg peptides. The lipid/peptide molar ratios were 10:1 (– – –) and
5:1 (- - -). The samples were prepared in aqueous Hepes buffer and measured
at 25C and 60C.
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decreased the spectral signals of the PO22 group, and the band
at 1100 cm1 was slightly shifted toward a lower frequency,
indicating a neutralization of the PO22 group in the presence
of Pg-FN or Pg (33). The presence of FN alone, at FN/
phospholipid ratios up to 1:10, does not result in signiﬁcant
alteration of this phosphate spectral region. These results
suggest that both peptides interact with the headgroup of
acidic phospholipids, highlighting the relevant role of the
amino acid moiety of the C-terminal region of Gg subunits in
the interaction of G-proteins with negatively charged mem-
brane lipids.
Membrane lipid interfacial region
Self-deconvolution reveals two bands observed in the carbonyl
stretching region at 1740 and 1720 cm1 for DEPE (Fig. 5 A)
and at 1740 and 1730 cm1 for DMPS (Fig. 5 B), in agreement
with earlier data (34,35). The low-frequency (;1720 or 1730
cm1) and the high-frequency (;1740 cm1) components of
these spectra were attributed to hydrogen and nonhydrogen
bonds between the phospholipid carbonyl group and water,
respectively (36). The temperature-dependent changes in the
h1740/h1720 DEPE and h1740/h1730 DMPS band ratios were
analyzed in the presence or absence of Pg-FN, Pg, or FN. In
DEPE membranes (Fig. 5 C), the differential effect of Pg-FN
and Pg on the intensity band ratio h1740/h1720 was notable in
the Lb and La phases. In contrast to FN, both peptides pro-
duced a strong increase in the band ratio due to the dehydration
of the carbonyl groups. For example, the I1740/I1720 increased
from ;1.6 in DEPE alone to 3.0–4.0 in the DEPE/peptide
mixture at 30C. These spectral changes can be attributed to
the interaction of the peptide group with carbonyl groups from
DEPE at the membrane interface. Such effects were much
smaller when either DMPS or DMPA membranes were used
in the studies. For instance, Fig. 5 D shows experiments with
DMPS membranes in which Pg-FN (more than Pg and FN)
decreased the intensity of the h1740/h1730 band ratio from;1.3
for the DMPS membranes alone only to ;1.2 for DMPS/Pg-
FN mixtures.
Phospholipid acyl chain region
We studied the thermal dependence of the methylene
symmetric stretching mode (ns(CH2)) around 2850 cm
1 in
the DEPE and DMPS mixtures (Fig. 6). The frequency of this
band was sensitive to the conformational order of the acyl
chain and to the trans-gauche isomerization of the lipids (37–
39). The Lb-to-La phase transition occurred at 38C and 40C
for DEPE and DMPS, respectively, as revealed by a 2 cm1
band shift. In DEPE membranes (Fig. 6 A), Pg-FN and Pg
reduced the conformational order in the bilayer core for both
the Lb and La phases as a result of the formation of additional
gauche rotamers (37). We were limited to analyzing the La-
to-HII phase transition temperature of DEPE/peptide mixtures
by spectroscopy. In turn, DEPE/FN mixtures followed a
particular trend that was characterized in a previous study
(31). On the other hand, Pg-FN and Pg induced similar effects
on the temperature-dependent shift of the 2850 cm1 band in
DMPS bilayers (Fig. 6 B), which differed from those of
membranes formed exclusively by lipids (DMPS in the
presence or absence of FN). Both peptides increased the acyl
chain order in the La phase, slightly lowered the Tm value
(;38.5C), and broadened the temperature range of lipid
melting, the effect of Pg-FN being greater.
Fluorescence polarization
TMA-DPH was used to investigate the effects of the
C-terminal Gg peptides on the ﬂuidity of the bilayer interface
FIGURE 5 FTIR spectra of the C¼O stretching mode
region of DEPE and DMPS mixtures. (A) DEPE or (B)
DMPS alone and in the presence of Pg-FN, Pg, or FN. The
lipid/peptide or lipid/FN molar ratio was 10:1 in all cases.
(C and D) Temperature proﬁles derived from the intensity
band ratio of the deconvoluted CO stretching modes of
DEPE or DMPS alone (n) and in the presence of Pg-FN
(:), Pg (n), or FN (e).
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(Fig. 7). DEPE vesicles displayed a cooperative Lb-to-La
phase transition ;35C with an amplitude of ;22% (Fig.
7 A). In contrast to Pg, both Pg-FN and FN had similar effects
on DEPE, provoking a decrease of the TMA-DPH ﬂuores-
cence polarization and diminishing the transition amplitude
(;11%–13%) in the Lb phase. However, neither Pg-FN nor
FN altered the ﬂuorescence polarization of HPE-labeled
DEPE liposomes in the lamellar phase temperature interval
(data not shown), suggesting that neither of these compounds
enters deeply into the acyl chain region of these PE bilayers.
In DMPS membranes, the Tm value was ;37C and the
phase transition amplitude was;41% (Fig. 7 B). By slightly
increasing ﬂuidity in the gel phase and decreasing it in the
ﬂuid phase, Pg-FN decreased the Tm value and the amplitude
of this transition in a concentration-dependent manner. In
contrast, Pg had only a modest effect on both parameters.
Finally, DMPS membranes containing FN displayed similar
properties to those with Pg-FN, although FN did not change
the magnitude of lipid polarization in the ﬂuid phase.
DISCUSSION
In this study, we have shown that the C-terminal region of
the Gg subunit of G-proteins binds to model membranes
through electrostatic and hydrophobic interactions driven by
its amino acid and lipid moieties, respectively. This inter-
action induces changes in the membrane organization, which
FIGURE 6 Temperature proﬁles of the CH2 stretching band position. (A)
DEPE or (B) DMPS alone (n) and in the presence of Pg-FN (:), Pg (n), or
FN (e). The lipid/peptide or lipid/FN molar ratio was 10:1 in all cases.
Similar results could also be obtained by plotting the data as the bandwidth
at half-height instead of at the band position. (C) Illustration of temperature
dependence for the C-H stretching region of the spectra of pure DEPE, 1:10
DEPE 1 FN, 1:10 DEPE 1 Pg, 1:10 DEPE 1 Pg-FN at 20C and 55C.
FIGURE 7 Fluorescence polarization of TMA-DPH-labeled DEPE and
DMPS liposomes. Fluorescence polarization was measured in DEPE or
DMPS membranes in the absence (n) or presence of Pg-FN (:), Pg (n), or
FN (e). The lipid/peptide or lipid/FN molar ratio was 10:1 in all cases.
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are relevant because they would favor a cooperative binding
of G-proteins accounting in part for the high amounts of
G-proteins found in certain regions rich in GPCRs (a molar
excess of G-proteins over receptors is necessary for signal
ampliﬁcation). We have addressed a number of issues, ﬁrst
studying the effects of the peptide on membrane structure and
then investigating the basis of the peptide-membrane interac-
tions. Finally, we assessed the effects of membrane lipids on
peptide structure. We found that the membrane binding of the
C-terminal region of the Gg2 protein was the result of various
complex interactions. These included hydrophobic interac-
tions between the FN group and membrane lipids that were
favored by nonlamellar prone lipids (i.e., DEPE). Electrostatic
interactions were also observed between the polar head of
charged phospholipids (e.g., PS) and some positively charged
amino acids of the Gg2 protein, and these were more relevant
than other hydrophilic interactions. In addition, membrane
binding of Pg-FN affected the structural organization of DEPE
and DMPS model membranes, resulting in the formation of
Pg-FN-rich domains. The existence of such domains would par-
tially explain the cooperative binding that characterizes the
association of G-proteins with membrane lipids, facilitating the
molar excess around G-protein-receptor clusters. Finally,
membrane lipids had amodest effect on the structural properties
of the peptide.
Effect of Pg-FN on the lipid polymorphism of
DEPE membranes
The effect of Pg-FN was initially characterized by a modest
stabilizing effect on the bilayer, increasing (by a few de-
grees) the La-to-HII transition temperature. However, the
nonlamellar phase propensity of membranes containing Pg-
FN was greater than that of DEPE membranes with Pg only.
This is in accordance with the fact that FN alone induces the
formation of nonlamellar (HII) phases (31). Additionally, the
x-ray diffraction pattern of DEPE/Pg-FN mixtures showed
the presence of two nonlamellar HII phases (H
a
II and H
b
II with
d ¼ 6.5 nm and 7.5 nm, respectively at 72C) simulta-
neously. The domains associated with the smaller hexagonal
lattice (HaII) are most likely poor in Pg-FN since the lattice
parameter varies in function of the temperature, like DEPE
alone (23,31). The other domains (HbII) are most likely rich
in Pg-FN, as they showed little thermal lattice sensitivity
but large thermal ﬂuctuations. In cooling scans, the smaller
hexagonal lattice HaII expanded until it reached the same
dimensions of the larger hexagonal phase HbII: When the two
hexagonal lattices reached a common dimension, a redistri-
bution of the Pg-FN over the lipid matrix surface took place
during the formation of a single, therefore homogeneous, La
phase. Moreover, DSC data also indicate that Pg-FN seg-
regates into peptide-rich and -poor domains, as the La-to-HII
transition peak could be resolved into two peaks. The
calorimetric behavior shown was typical of nonhomoge-
neous mixtures and could explain intermolecular interactions
of peptide molecules in peptide-rich domains associated with
b-structures, as has been observed in FTIR studies.
In DEPE membranes, we previously found that FN seg-
regated in the DEPE matrix, forming FN-rich and -poor
domains (31). The former were associated with the formation
of HII phases at low temperature in the presence of lamellar
domains. Here, DEPE/Pg-FN membranes showed a different
thermotropic behavior, probably due to the steric and elec-
trostatic constraints inferred by the peptide moiety. Indeed,
the HII with a spacing of d ¼ 7.4 nm (HbII) was not observed
in DEPE alone or DEPE/Pg mixtures, indicating that it must
be associated with the presence of microdomains rich in Pg-
FN. It has been demonstrated that the FN group regulates the
membrane curvature of PE membranes (40). The data shown
here indicate that the FN moiety of Pg-FN could be a struc-
tural determinant of nonlamellar phase propensity in a PE-
rich environment.
Interaction of Pg-FN with DMPS membranes
DSC endotherms of DMPS membranes displayed two peaks
in the presence of Pg-FN. This behavior reﬂects a nonho-
mogeneous mixture in which the peak with lower Tm
corresponded to Pg-FN-rich domains. The thermotropic
behavior of the other peak was similar to that of DMPS alone
and it decreased as the peptide concentration augmented,
indicating that it was associated with Pg-FN-poor domains.
Pg-FN-rich DMPS microdomains showed a thermotropic
behavior similar to that of DMPS/FN mixtures. This result
suggests that the FN moiety is involved in the association of
the peptide with Lb phases and its later redistribution as the
temperature increases. The lateral organization and phase
when FN coexists in DMPC membranes has recently been
described (41). However, the decrease in the calorimetric
enthalpy observed in DMPS/Pg-FN membranes (like DMPS/
FN membranes) could be due to the hydrogen-bond network
of the polar and interfacial regions of PS membranes
(disrupted by the association of Pg-FN, according to FTIR
data) and the disordering induced by the insertion of the FN-
group into the bilayer (as shown by ﬂuorescence spectros-
copy).
Molecular studies of Pg-FN-lipid interactions
FTIR experiments demonstrated that the interaction of the
C-terminal region of Gg2 protein (Pg-FN) with membranes
mainly occurs at the polar and the interfacial regions of the
lipid bilayer. Both Pg-FN and Pg form peptide-lipid com-
plexes with the headgroup of acidic phospholipids. The
spectral properties of the lipid phosphate group stretching
modes in peptide/lipid mixtures were similar for both pep-
tides, indicating that the peptide group moiety plays an active
role in the peptide-lipid interaction at the polar region of the
membrane lipid. In this interaction, the FN group of the
peptide does not fulﬁll a relevant role, whereas the phosphate
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group of the phospholipids appears to be directly involved.
In fact, both peptides interact directly and induce a partial
neutralization of these PO22 groups. This association is most
probably due to electrostatic binding and/or hydrogen bond-
ing of the positively charged residues of the C-terminal re-
gion of the Gg2 protein (33).
Additionally, Pg-FN (like Pg) also interacts with the
interfacial region of the lipid bilayer through its peptide
group, although certain differences were observed with the
free peptide. In DEPE membranes, Pg-FN produced signif-
icant dehydration and/or alteration of the hydrogen-bonded
ester carbonyl groups in the Lb and La phases, favoring
tighter lipid packing. The dehydration effect observed in
DEPE membranes in the presence of Pg-FN could favor the
nonlamellar propensity observed (42). The binding of Pg-FN
also affected the acyl chain order of the lipid bilayer. Pg-FN
decreased the conformational order in DEPE membranes,
although the CH2 scissoring band was scarcely affected (data
not shown). Considering the ﬂuorescence spectroscopy data,
this effect could be due to the FN group producing greater
ﬂuidity and a bigger contribution of the peptide moiety
(more important in the La phase).
Although the FN chain can promote the appearance of HII
phases, our data show that the association of Pg-FN with
DEPE membranes modestly perturbed the hydrophobic re-
gion of the lipid bilayer. These results suggest that the
positively charged amino acid residues on the C-terminus of
the Gg2 subunit interact with the interface of DEPE mem-
branes, the FN moiety partially inserting into the bilayer.
This relative position of the Pg-FN in a DEPE membrane
would increase the head/tail size ratio of DEPE molecules,
decreasing the nonlamellar phase propensity compared to FN
alone. As a consequence, the dimensions of the HII phase
(HbII) would enlarge as it is observed in the x-ray diffraction
data. On the other hand, Pg-FN increased the conformational
order of DMPS acyl chains in the La phase. Whereas FTIR
experiments could not elucidate whether the peptide binding
induced lipid segregation, the results from x-ray diffraction
and DSC experiments suggested the presence of peptide-rich
and -poor domains. Despite the fact that both peptides
Pg-FN and Pg had a similar effect on the DMPS bilayers,
ﬂuorescence polarization using TMA-DPH identiﬁed differ-
ences in these interactions. The FN moiety of Pg-FN most
likely increased the ﬂuidity of the surface regions of the acyl
chains, indicating that the FN group enters deeper into the
membrane than Pg. In addition, DSC experiments conﬁrmed
the interaction between FN and DMPS membranes.
It is noteworthy that in the Pg-FN peptide (and the
C-terminal region of Gg2 protein) there are amino acid resi-
dues with a net positive charge. Since most of the positively
charged residues of Pg-FN are located close to the FN group,
it is likely that the two Lys and the Arg residues (position 63,
64, and 61, respectively) establish electrostatic interactions
with the charged moieties of the PS headgroups. These
interactions would facilitate hydrogen bonding with the ester
carbonyl groups in the interfacial region of the DMPS bilayer,
as well as aiding in the docking of Pg-FN (and the Gg2
protein) and the insertion of the FN group into the membrane
favoring a higher conformational order in the liquid phase as
shown.
In summary, these experiments demonstrate that the bind-
ing of the C-terminal region of the Gg2 protein to membranes
involves: i), electrostatic interactions between the polar head
and interfacial regions of phospholipids and the positively
charged amino acids on the C-terminus of the Gg2 protein;
and ii), hydrophobic interactions between the FN moiety of
the G-protein subunit and the fatty acyl residues of the lipids.
Therefore, the lipid composition and structure of membranes
play an important role in these interactions.
Biological signiﬁcance
As well as studying the molecular basis of the binding of the
C-terminal region of Gg2 protein to model membranes
containing lipids similar to those found by G-proteins in the
plasma membrane, we also investigated the structural con-
sequences of these interactions on both lipid and peptide
structures. It was recently shown that prenyl groups facilitate
the binding of G-protein bg complexes to membranes (9–
11,43) and that the Gbg dimer drives the interaction of
G-proteins with HII-prone membrane domains (rich in PE).
In contrast, Ga-monomers prefer ordered lamellar regions
(9). Moreover, the Gg subunit is the closest to the lipid
membrane (44). GPCRs are often clustered in deﬁned mem-
brane regions (45), and they can activate at least 20 G-protein
molecules upon agonist activation. Therefore, the number of
G-protein molecules in these membrane regions is very high,
and the effect of prenyl groups on the lipid membrane
structure and on the interactions between G-proteins and
membrane lipids becomes particularly relevant. Our data in
part explain the molecular mechanisms underlying the high
density of G-proteins around these receptors. The transmem-
brane regions of membrane receptors increase the membrane
nonlamellar phase propensity of membranes ((46) and ref-
erences therein).
This facilitates G-protein binding to membranes (9,17),
which further increases the nonlamellar phase propensity of
membranes and the capacity to bind more G-proteins. Upon
receptor activation, the G-protein bg complex remains asso-
ciated with nonlamellar-prone regions whereas the a-subunit
is recruited to ordered lamellar membrane regions (e.g., raft
domains) where it interacts with signaling effectors to
propagate incoming messages. Therefore, protein-lipid in-
teractions play a pivotal role in cell signaling. In this context,
our data reveal that the FN moiety of the Gg subunit could be
involved in the formation of G-protein clusters in mem-
branes. The FN moiety would contribute to the HII phase
propensity. In membrane domains with high levels of PE and
PS, the isoprenyl group favors the cooperative binding of
G-proteins.
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Along with earlier studies (9,17,19,20), these results
suggest a model for G-protein-membrane interactions in
which the association of these transducers with membranes is
regulated by PS and PE and by the C-terminus of G-proteins
(Fig. 8). It has recently been shown that PS is required for
G-proteins to bind to membranes (20). In this context, the
electrostatic interactions between the C-terminal region of
the Gg subunit and the PS residues indicate that this region of
the G-protein is crucial for its interaction with the negatively
charged phospholipid headgroups in the inner leaﬂet of the
plasma membrane. There, the high levels of PE and PS
indicate that their interaction with the FN moiety and the
charged amino acids at the C-terminal region of the g-subunit
is an important component of the G-protein-membrane in-
teraction. Thus, the membrane interaction of G-proteins
regulates not only their localization but also their function
(47,48).
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